Cherubism is an autosomal dominant disorder in children characterized by unwarranted symmetrical bone resorption of the jaws with fibrous tissue deposition. Mutations causing cherubism have been identified in the adaptor protein SH3BP2. Knock-in mice with a Pro416Arg mutation in Sh3bp2 exhibit a generalized osteoporotic bone phenotype. In this study, we examined the effects of this "cherubism" mutation on spectroscopic indices of "bone quality" and on osteoblast differentiation. Fourier-transform infrared imaging (FTIRI) analysis of femurs from wild-type and Sh3bp2 knockin mice showed decreased mineral content, decreased mineral crystallinity/crystal size, and increased collagen maturity in homozygous mutants. To assess osteoblast maturation in vivo, knock-in mice were crossed with transgenic mice over-expressing GFP driven by 3.6-kb or 2.3-kb Col1a1 promoter fragments. Reduced numbers of mature osteoblasts were observed in homozygous mice. Neonatal calvarial cultures, which were enriched for osteoblasts by depletion of hematopoietic cells (negative selection for Ter119-and CD45-positive cells) were investigated for osteoblast-specific gene expression and differentiation, which demonstrated that differentiation and mineralization in homozygous osteoblast cultures was impaired. Co-cultures with calvarial osteoblasts and bone marrow macrophages showed that mutant osteoblasts appear to increase osteoclastogenesis resulting in increased bone resorption on bone chips. In summary, the Sh3bp2 mutation in cherubism mice alters bone quality, reduces osteoblast function, and may contribute to excessive bone resorption by osteoclasts. Our data, together with previous osteoclast studies, demonstrate a critical role of Sh3bp2 in bone remodeling and osteoblast differentiation.
INTRODUCTION
Cherubism is characterized by excessive bilateral bone remodeling restricted to the mandible and maxilla of children and juveniles, leading to multilocular symmetrical cavities. In these patients, the eroded bone is replaced by soft/fibrous tissues. Progressive expansion of this tissue results in a characteristic puffiness of facial features. After puberty, proliferation usually stabilizes and fibrous tissue masses regress over time, but the bone phenotype is still radiographically apparent. There is no standardized treatment for cherubism and surgical intervention may be needed in severe cases.
Previously, studies have identified mutations in the SH3BP2 adaptor protein as the genetic cause for the autosomal dominant cherubism [1] . To better understand the disease, a knock-in mouse model with a Pro416Arg mutation in Sh3bp2 (corresponding to Pro418Arg in humans) was generated [2] . Although Sh3bp2 mutational effects on osteoclasts and inflammatory processes have recently been demonstrated [2, 3] , their effect on other bone cells, specifically osteoblasts, remains unclear.
Bone homeostasis requires a delicate balance between anabolic osteoblastic and catabolic osteoclastic activities, and impaired osteoblast maturation leads to a diminished capability to generate proper bone as is seen in the case of pathological hypercalcemia, e.g., PTHrPmediated tumor osteolysis and Vitamin D toxicity [4, 5] . Furthermore, the fragile bone in patients with osteogenesis imperfecta, which is clinically characterized by multiple bone fractures from minimum trauma, results from osteoblastic defects that lead to decreased production of functional pro-alpha1(I) and pro-alpha2(I) chains [6] . Maturation of osteoblasts has been extensively studied in well-established in vitro culture systems such as calvarial or bone marrow stromal cell cultures [7] [8] [9] [10] .
Lineage differentiation of normal osteoprogenitors as well as of disease models can be studied with the help of transgenic mice, which express stage-specific Col1a1-promoter-driven green fluorescent proteins (GFPs) [7, 11, 12] . Fragments of the Col1a1 promoter have been shown to be differentially expressed in various stages of osteoblast development. The 3.6-kb Col1a1 promoter-driven GFP (pOBCol3.6GFP) was expressed universally in Col1a1-producing tissues, including bone, tail tendon, and other non-osseous tissues, while the expression of the 2.3-kb Col1a1 promoter-driven GFP (pOBCol2.3GFP) was restricted to bone. Histological analysis revealed that osteoblastic cells lining endosteal and trabecular surfaces strongly express pOBCol3.6GFP, in addition to the weaker expression in the fibroblastic cells of the periosteal layer. The pOBCol2.3GFP signal, however, was limited to osteoblasts and osteocytes without detectable signals in periosteal fibroblasts. In vitro, pOBCol3.6GFP-positive cells started to appear as spindle-shaped cells before nodule formation and continued to increase signal intensity in cells associated with bone nodules, while pOBCol2.3GFP-positive cells were restricted to mature osteoblasts undergoing mineralization.
In this study, we analyze the skeletal defects of cherubism, specifically the quality of bone, by Fourier-transform infrared imaging (FTIRI). Sh3bp2 knock-in mice were crossed with transgenic Col1a1 promoter-driven GFP (pOBCol3.6GFPtpz and pOBCol2.3GFPemd) lines, and the effects of the Sh3bp2 mutation on osteoblast development is also investigated. In addition, we compare the ability of Sh3bp2 KI/KI osteoblasts and wild type osteoblasts to induce functional osteoclasts.
MATERIALS AND METHODS

Animals
Sh3bp2 Pro418Arg knock-in mice were previously generated by homologous recombination [2] as a model for cherubism. The heterozygous (Sh3bp2 +/KI ) mice were then cross-bred with mice expressing GFP driven by either 3.6-kb or 2.3-kb Col1a1 promoter fragments (pOBCol3.6GFPtpz and pOBCol2.3GFPemd, respectively; generously provided by Drs. David Rowe and Peter Maye, UCHC). Mice were housed in the UCHC animal facility and all experiments were approved by the UCHC Animal Care Committee. Mice were genotyped by PCR as described previously [2] and GFP expression was confirmed by UV light excitation.
Tissue preparation, histology, and fluorescent imaging
Ninety-day-old gender-matched mice were used for all analyses. For static histomorphometry, femurs fixed in 4% paraformaldehyde and decalcified in 14% EDTA were sectioned as 5 μm paraffin sections, and stained with hematoxylin for osteoblast surface counting. For in vivo GFP analysis, femurs fixed in 4 % paraformaldehyde were transferred to 30% sucrose in PBS over night before embedding in frozen section medium (Richard-Allan Scientific) and flashfreezing using a 2-methylbutane/dry ice bath (Fisher Scientific). Cryosections (5 μm) were produced on a Leica CM3050S Cryostat (Leica Inc, Germany) using a Cryofilm type IIC tape system (FINETEC, Japan). The slides were air dried and kept in dark at −20°C before evaluation. Osteoblast surface, GFP-positive surface, and bone surface were measured in an area 400 μm underneath the growth plate and 200 μm away from cortical bone using OsteoMeasure software (Osteometrics) with microscopy assistance. For fluorescent imaging of GFP signals, slides were submerged in PBS at room temperature, mounted with 50 % glycerin in PBS, and examined with a Zeiss Axioplan 200 inverted microscope equipped with epifluorescence and a Zeiss AxioCam color digital camera (Zeiss, Germany). A composite image was generated from a series of step images using Photoshop. Data were analyzed statistically using the Student t-test (n=6 per group).
Calvarial osteoblast culture
Mouse calvarial osteoblasts (mCOB) were isolated from 5 to 7-day-old postnatal mice by sequential collagenase/trypsin digestion as described previously [11] . Cultures were depleted of hematopoietic cells by negative selection for Ter119-CD45-expressing cells using Dynabeads (Dynal, Invitrogen), and cells were plated at a density of 1.2×10 4 cells/cm 2 in DMEM (Gibco) supplemented with 10 % fetal calf serum (FCS; Hyclone), 100 U/ml of penicillin (Gibco), and 100 μg/ml of streptomycin (Gibco). Cells became confluent 5-7 days after plating and osteoblast differentiation was then initiated by changing to α-MEM (Gibco) (designated day 0 of differentiation) supplemented with 10 % FCS, 50 μg/ml ascorbic acid (Sigma), 4 mM β-glycerophosphate, 100 U/ml of penicillin, and 100 μg/ml of streptomycin (osteoblast differentiation medium). Media was changed every 3 days. To visualize mineral nodule formation, osteoblast cultures were von Kossa stained with 5 % silver nitrate solution while exposed to UV-light for 30 min followed by washing with distilled water. A separate culture was stained with Alizarin red S (AR-S, 40 mM, pH 4.2) for 10 min to determine calcium distribution.
Fourier-transform infrared imaging (FTIRI)
Femurs from 90-day-old gender-matched mice were collected. After removing soft tissues, femurs were fixed in 70 % ethanol and embedded in polymethylmethacrylate (PMMA). Longitudinal non-decalcified sections were cut at 3 μm thickness and sandwiched between two barium fluoride (BaF 2 ) infrared windows (Spectral Systems) for FTIRI analysis. The FTIR spectra were obtained using a PerkinElmer Spotlight 400 Imaging System (Perkin Elmer Instruments). A 300×300 μm 2 area in each region of interest (secondary spongiosa and cortex) was examined using a spectral resolution of 16 cm −1 and a spatial resolution of ~6.25 μm. Background spectra were collected under identical conditions from the area outside the samples on the same BaF 2 window. The spectra were then zero-corrected for the baseline, normalized, and the spectral contribution of PMMA was subtracted using ISYS Chemical Imaging Software version 5.0 (Spectral Dimensions).
The Perkin-Elmer FTIRI system utilizes a 2×16-array detector attached to an infrared spectrometer to collect multiple spectra simultaneously from selected areas and generates spatially resolved information on the compound of interests. The ratios of mineral to matrix, carbonate to phosphate, as well as crystallinity, and collagen maturity were calculated using the corresponding area or intensity of sub-bands, and the color-coded images of these parameters were displayed. Using ISYS software, IR spectra were converted to generate hyperspectral images (where x and y are the specimen coordinates and z corresponds to infrared band areas) with color intensities representing peak height ratio and integrated area ratios. The following spectroscopic parameters (reviewed in detail by [13] ) were calculated: mineral-tomatrix ratio, carbonate-to-phosphate ratio, mineral crystallinity, and collagen crosslink ratio (XLR). The mineral-to-matrix ratio (integrated area ratio of the v 1 ,v 3 PO 4 band at 916-1180 cm −1 and the amide I band at 1585-1720 cm −1 ) is a measurement that corresponds to ash weight. The carbonate-to-phosphate ratio (integrated area of the v 2 CO 3 band at 840-900 cm −1 to the above-mentioned v 1 ,v 3 PO 4 band) is a measurement that correlates to the aging of mineralized tissues [14, 15] . Crystallinity (the intensity ratio of the stoichiometric apatite subband at 1030 cm −1 and the nonstoichiometric apatite sub-band at 1020 cm −1 ) is a parameter that reflects both, crystallite size and crystal perfection measured by X-ray diffraction [14] . XLR (the intensity ratio of non-reducible pyridinium cross-link at 1660 cm −1 and reducible collagen cross-link at 1690 cm −1 ) reflects the maturity of collagen matrix [16, 17] . Details for spectral processing and validity of the measurements were described elsewhere [14, 18] . Over 60 individual points (areas of 25×25 μm measured in point mode) along the center of the bone were recorded for quantification. Each sample was measured twice at the different locations and the average was used to represent individual animals. Student's t-test was used for statistic analysis (n = 6 for Sh3bp2 +/+ ; n = 5 for Sh3bp2 KI/KI ).
Dynamic bone histomorphometry
90-day-old female mice (n = 5 for Sh3bp2 +/+ ; n = 5 for Sh3bp2 +/KI ; n = 7 for Sh3bp2 KI/KI ) were intraperitoneally injected with calcein (10 mg/kg body weight) and subsequently with xylenol orange (90 mg/kg body weight) 7 days later. The mice were sacrificed two days after the xylenol orange injection. The femurs from these mice were embedded in OCT medium (Richard-Allan Scientific) and 5μm frozen sections were obtained (Leica cryotome CM3050S). The areas between 400 and 2000 μm distal to the growth plate-metaphyseal junction of the distal femurs were analyzed. The dynamic histomorphometric measurements were obtained using OsteoMeasure software (OsteoMetrics) as described [19] .
RNA extraction, cDNA synthesis, and quantitative PCR analysis
Samples were collected on days 0, 7, 14, and 21 after osteoblast differentiation, and RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. RNA samples were further purified using an RNeasy Mini Kit (Qiagen), and 1 μg of starting RNA was used for cDNA synthesis using ImProm-II reverse-transcriptase (Promega) according to manufacturer's instructions. Quantitative PCR analysis was carried out on an ABI7300 thermocycler (Applied Biosystems) using the iTaq SYBR Green Supermix with ROX (BioRad). Primer designs were generated using the RTPrimerDB database (http://medgen.ugent.be/rtprimerdb/links_menu.php) and concentrations were optimized in separate experiments. 25 ng of cDNA was used per PCR reaction. 3 biological triplicates and 3 technical triplicates were analyzed for each gene. For statistical data processing, we used two-way ANOVA (n=3 for each time point, 4 time points). Bonferroni post-test was used to compare replicate means within specific time points when the genotype effect was significant.
Osteoblast-osteoclast co-culture and bone chip resorption assay
Bovine bone chips were a kind gift from Dr. Joseph Lorenzo (UCHC). Bone chips were stored in 70 % ethanol in −20°C before use. One day before co-culture, calvarial osteoblasts were prepared as above and seeded on the bone chips with a density of 5000 cells/well in 96-well plates. Osteoclast precursors were prepared from bone marrow macrophages (BMM) on a separate plate. Briefly, femurs, tibia, and humeri were cleaned of soft tissues and proximal and distal ends were cut off to flush out bone marrow in DMEM supplemented with 10 % FCS, 100 U/ml of penicillin and 100 μg/ml of streptomycin. After settling overnight, non-adherent cells were collected and subjected to Ficoll purification. BMM of 5000 cells/well were then co-cultured with the previously prepared osteoblasts (5000 cells/well) for 7 days. Half the volume of medium (α-MEM supplemented with 10 % FCS, 50 μg/ml ascorbic acid, 4 mM β-glycerophosphate, 10 −7 M dexamethasone, 10 −8 M 1,25(OH) 2 vitamin D3, 100 U/ml penicillin and 100 μg/ml streptomycin) was replaced every 3 days. At the end of the culture, cells were fixed and stained for TRAP. For resorption analysis, cells were removed by sonication and bone chips were counterstained with 1 % toluidine blue in 1 % borax buffer to observe resorption pits. 15 random areas on the chip were chosen and the pits were quantified as percent visible area by video area measurement using reflected light microscopy (Boeckler Instruments). Student's t-test was used for statistical analysis (N=15).
RESULTS
Bone chemical and structural analysis
Previous studies of the Sh3bp2 knock-in mouse model for cherubism reported a general osteoporotic phenotype [2] . To assess the bone quality in cherubism mice, we examined the cortical and trabecular bone at the distal region of femurs from wild type and cherubism Sh3bp2 KI/KI mice using Fourier-transform infrared imaging (FTIRI) technology to provide further characterization for the chemical composition of bone in cherubism mice.
The Sh3bp2 KI/KI mice exhibited a significantly lower mineral:matrix ratio compared to their Sh3bp2 +/+ littermates in both cortical and trabecular bone areas (Fig. 1) . The Sh3bp2 +/+ and Sh3bp2 KI/KI cortical bone samples exhibited similar carbonate:phosphate ratios. However, the carbonate:phosphate ratios in cortical bone were statistically higher in comparison to trabecular bone in both, the Sh3bp2 +/+ and Sh3bp2 KI/KI groups (p<0.01). Mineral crystallinity, which correlates to crystal size, was reduced in Sh3bp2 KI/KI cortical bone. The ratio of collagen crosslinks (XLR) was significantly elevated in trabecular and cortical bone of Sh3bp2 KI/KI mice.
Bone histomorphometry
Previously, static histomorphometry identified a 3.2-fold increase in osteoblast surfaces in the cherubism Sh3bp2 KI/KI mice when compared to the Sh3bp2 +/+ littermates [2] . To further assess the level of functional osteoblast activities in vivo, femurs from Sh3bp2 +/+ , Sh3bp2 +/KI , and Sh3bp2 KI/KI mice were subjected to dynamic histomorphometric analysis. Unexpectedly, despite the increased osteoblast surface that was determined by a previous static histomorphometric analysis [2] , mineral deposition rate and bone formation rate were similar between Sh3bp2 +/+ , Sh3bp2 +/KI , and Sh3bp2 KI/KI mice (Fig. 2) . These results indicate that the mutant cherubism Sh3bp2 KI/KI mice do not display any increased bone formation activity.
To investigate osteoblast differentiation in mutant osteoblasts in vivo and in vitro, we evaluated femurs of Sh3bp2 +/KI mice crossed with mice carrying GFP driven by either 3.6-kb or 2.3-kb Col1a1 promoters (pOBCol3.6GFP or pOBCol2.3GFP). In Sh3bp2 KI/KI /pOBCol3.6GFP + mice, we observed a 3.4-fold increase in the number of GFP-positive cells (Fig. 3) . The 3.6-kb Col1a1 promoter activity is characteristic for pre-/early osteoblasts. However, the number of 2.3-kb GFP-positive cells (marker for mature osteoblasts) decreased ~27 % in the homozygous mutants (Sh3bp2 KI/KI ) when compared to Sh3bp2 +/+ littermates. In addition, while there was minimal to no detectable 3.6-kb GFP activity inside cortical bone from wild type mice, we observed abundant 3.6-kb GFP activity in the osteocyte lacunae of the femoral cortex in cherubism mice. These data suggest reduced osteoblast differentiation in the cherubism mouse model.
Osteoblast differentiation
To study osteoblast differentiation on a cellular level, we isolated cells from neonatal calvariae of Sh3bp2 KI/KI /pOBCol3.6GFP + or Sh3bp2 KI/KI /pOBCol2.3GFP + mice by sequential collagenase digestion and differentiated them into osteoblasts. The 3.6-kb Col1a1 promoterdriven GFP became visible around 5 days of culture and continued to show strong signals in cells associated with bone matrix nodules (Fig. 4) . However, no difference in the amount of pOBCol3.6GFP activity was observed between wild type and Sh3bp2 KI/KI cultures throughout the time course of experiments. Expression of 2.3-kb Col1a1 promoter-driven GFP in wild type cultures coincided with mineralization of bone matrix nodules. The pOBCol2.3GFP activity in Sh3bp2 KI/KI cultures, however, was weak compared to expression in Sh3bp2 +/+ cultures at all time points analyzed and never reached the same degree of intensity.
To evaluate whether Sh3bp2 +/+ and Sh3bp2 KI/KI osteoblasts differentially express bone marker genes, we used quantitative real-time PCR (qPCR) to monitor their temporal expression in culture conditions (Fig. 5) . Mouse calvarial osteoblasts used for cultures were depleted of hematopoietic cells by negative selection for Ter119-CD45-positive cells. Col1a1 and bone sialoprotein (Bsp) expression in Sh3bp2 KI/KI osteoblasts was significantly reduced in cell cultures after 2 weeks in osteogenic medium, respectively. Expression of other osteoblast marker genes (including Runx2, Alp, Ocn) were similar between Sh3bp2 KI/KI and Sh3bp2 +/+ cultures. While there was a tendency for reduced expression of those genes in mature Sh3bp2 KI/KI osteoblast cultures (day 21 of osteoblast differentiation), the mutation did not affect expression patterns in a statistically significant manner when analyzed by two-way ANOVA. In addition, other markers for bone maturation, such as those associated with mineral deposition, namely von Kossa and Alizarin red S staining, indicated a mild reduction in Sh3bp2 KI/KI osteoblast activities in vitro (Fig. 5F ). Together, these data suggest an autonomous negative effect of the Sh3bp2 mutation on osteoblast differentiation in this mouse model.
Sh3bp2 KI/KI osteoblasts enhance osteoclastogenesis through increased Rankl/Opg ratio
Sh3bp2 KI/KI mice display hyperactive osteoclast activity with 1.5 to 2-fold increase in osteoclast number per bone surface, as determined by static histomorphometry [2] . However, the mutational effect on the cross-talk between osteoblasts and osteoclasts has previously not been addressed. To test the hypothesis that cherubism Sh3bp2 KI/KI osteoblasts enhance osteoclastogenesis, we used a co-culture system with either Sh3bp2 +/+ or Sh3bp2 KI/KI neonatal calvarial osteoblasts and bone marrow macrophage (BMM)-derived osteoclasts from Sh3bp2 +/+ mice (Fig. 6 ). Osteoblasts were depleted of hematopoietic cells prior to co-culture by negative selection with Dynabeads and CD 45 and Ter119 antibodies. Sh3bp2 KI/KI osteoblasts generated almost twice the amount of TRAP-positive cells when compared to Sh3bp2 +/+ osteoblasts (Fig. 6A) . Bone resorption assays with Sh3bp2 KI/KI osteoclasts cultured on bovine bone chips resulted in resorption areas that were 36 % increased compared to resorption areas of Sh3bp2 +/+ cultures (Fig. 6B) .
We used qPCR to evaluate gene expression during osteoclastogenesis investigate events that lead to the enhancement of osteoclastogenesis by Sh3bp2 KI/KI osteoblasts (Fig. 6C-F) . At day 7 of osteoblastic differentiation, Sh3bp2 KI/KI osteoblasts showed a 150 % increase in Rankl expression by qPCR (Fig. 6C) , while osteoprotegerin (Opg) was reduced by 60% compared to Sh3bp2 +/+ osteoblasts (Fig. 6D) . Furthermore, the Rankl/Opg ratio at day 7 of osteoblastic differentiation was 2.4-fold higher in Sh3bp2 KI/KI osteoblast cultures compared to Sh3bp2 +/+ cultures (Fig. 6E) . Therefore, we conclude that an increased RANKL/OPG ratio may contribute in part to enhanced osteoclastogenesis in Sh3bp2 KI/KI mice. To investigate whether the mutation in Sh3bp2 affected osteoblast through TNF-α in an autocrine manner, the gene expression level of Tnf-α in Sh3bp2 KI/KI osteoblasts was analyzed by qPCR (Fig. 6F) . While the levels of Tnf-α expression were comparable at the day 0 of the culture, the level increased in the Sh3bp2 +/+ osteoblasts while the level remained low in the Sh3bp2 KI/KI osteoblasts.
DISCUSSION
Structural properties of bone in animal models for human diseases are frequently studied by histomorphometry or micro-computed tomography (μ-CT), but material properties of bone remain as one of the less researched elements of bone quality. Vibrational spectroscopy, such as FTIR, has been used to characterize pathological calcification and developmental change in bone and other mineralized tissues [18, [20] [21] [22] [23] . The material properties that contribute to bone strength include, inter alia, mineral content, mineral composition, mineral crystallinity, and matrix composition and cross-linking. Changes of these parameters in bone diseases such as osteogenesis imperfecta [24] , osteopetrosis [25] , osteomalacia [26] , and osteoporosis [22, 27] have been characterized using FTIR and FTIRI.
Previous μ-CT studies had shown that Sh3bp2 KI/KI mice displayed an overall bone deficit, which has been attributed to increased osteoclast activity [2] and therefore the possibility of high bone turnover had been considered. However, although an increased osteoblast surface was shown in these mice compared to their wild-type littermates [2] , the authors did not show increased bone formation activities by dynamic histomorphometry. Therefore, the question remained whether the osteoporotic phenotype in Sh3bp2 KI/KI mice is due to increased bone resorption alone or high bone turnover in general. Indeed, our dynamic histomorphometry showed that mineral apposition rate and bone formation rates between mutant and wild type mice were not significantly different, suggesting that the Sh3bp2 KI/KI model is not a high bone turnover model. We hypothesized that the bone deficit phenotype in Sh3bp2 KI/KI mice may be due in part to deposition of abnormal bone matrix by osteoblasts. Our calvarial osteoblast cultures from Sh3bp2 KI/KI mice showed reduced in vitro mineralization activity as compared to Sh3bp2 +/+ cultures by von Kossa staining. However, it is well known that von Kossa staining alone is not sufficient to differentiate cell-mediated bone-like mineralization from dystrophic precipitation of mineral [28, 29] . The clear association of mineral with the 2.3-kb Col1a1 promoter-driven GFP in the cell cultures confirmed that the mineral deposition was linked to mature osteoblasts, was formed in bone matrix nodules and was not dystrophic. The reduced von Kossa staining correlates to the weaker pOBCol2.3GFP activity in Sh3bp2 KI/KI cultures. This finding of reduced mineralization and reduced pOBCol2.3GFP activity in vitro is consistent with our in vivo studies. The observation of increased osteoid formation in bone of Sh3bp2 KI/KI mice [30] is further consistent with undermineralized bone matrix in this model. Analysis of femoral bone from Sh3bp2 KI/KI mice by FTIR revealed reduced mineral content, reduced mineral crystallinity/size, and normal mineral maturation with increased collagen crosslinking. Studies from patients and animal models with osteoporosis demonstrated that reduced mineral-to-matrix ratio correlates to decreased ash weight [22, 27] . In Sh3bp2 KI/KI mice, the significant decrease in mineral:matrix ratio is consistent with the general osteoporotic phenotype previously observed by μ-CT analysis [2] .
Crystal size and perfection of hydroxyapatite in cortical bone was slightly but significantly reduced in Sh3bp2 KI/KI mice, a finding that corresponds to the reduced number of mature, matrix depositing osteoblasts in cortical bone shown in the histological images showing Col1a1 promoter-driven GFP activity. It is possible that the decreased expression of bone sialoprotein, which binds to calcium and hydroxyapatite through its acidic amino acid cluster, contributes to the reduced crystal size and reduced mineral content in the matured bone matrix in Sh3bp2 KI/KI mice. Reduced average crystal size measured by XRD has been reported in bones of osteoporosis patients [31, 32] although there are other reports of increased crystal size most likely due to the reduction of the trabecular bone component in osteoporotic patients [33] [34] [35] , and has been observed in animal models (Tgf-β1 knock-out mice) with reduced osteoblast proliferation and matrix maturation that affects bone quality [36] . Cortical bone mineral is typically more mature than trabecular bone mineral, with increased crystal size and an increased carbonate:phosphate ratio, due to reduced turnover in cortical bone [37] . This was found to be true in the present study implying that normal maturation processes are occurring in the mineral that is deposited, but that fewer and smaller crystals are deposited initially in the Sh3bp2 KI/KI mice as compared to the wild type.
Sh3bp2 KI/KI mice demonstrated elevated collagen cross-linking levels in trabecular and cortical bone. Recent studies found that osteoporosis patients have increased as well as different distribution of collagen cross-linking [38] . The change in this index and the pattern of collagen maturity relative to healthy individuals may contribute to bone fragility. These authors suggested that matrix might mature faster because of reduced mineralization in osteoporotic bone and therefore, show increased levels of non-reducible pyridinium crosslinks. We interpret our results as another indication that the bone matrix produced in osteoporosis is different from normal bone matrix although we cannot disregard a possible imbalance in crosslinking enzymes that leads to increased non-reducible crosslinking. It is more likely, however, that alterations in the organic bone matrix contribute to the enhanced rate of pyridinium crosslinking.
Sh3bp2 was first identified as a binding partner for the proto-oncogene c-Abl [39] . c-Abl knockout mice develop an osteoporosis phenotype due to osteoblast-specific impairments [40] . It is conceivable that the alteration of bone mineralization and maturity is in part a function of cell-autonomous effects of the Sh3bp2 mutation in osteoblasts. Indeed, osteoblasts from Sh3bp2 KI/KI mice appeared to diverge in their differentiation properties in our in vivo differentiation analysis. Col1a1 promoter-driven transgenic GFP markers have been shown to characterize osteoblast lineage progression [11, 12] in various animal models. 3.6-kb Col1a1 GFP activity represents an early osteoblast differentiation status (and is also expressed in other collagen type I expressing cells) while 2.3-kb Col1a1 GFP activity is characteristic for mature osteoblasts. Sh3bp2 KI/KI mice showed 27% less pOBCol2.3GFP activity despite the increased number of pOBCol3.6GFP + cells, which suggests that the number of mature osteoblasts is decreased. At the same time, we saw pOBCol3.6GFP expression on the bone lining surface of trabecular bone of Sh3bp2 KI/KI mice increase 3.4-fold in experiments where the amount of measured GFP signals was normalized to the bone surface. The increased 3.6-kb Col1a1 promoter activity indicates an abundance of immature osteoblasts failing to reach their terminal differentiation stage. It has been shown that the 3.6-kb fragment of the Col1a1 promoter can drive expression in both, osteoblast and osteoclast lineage cells in vivo [41] . Since cystic lesions in cherubism mice are rich in cells of myeloid lineage and osteoclasts, we cannot exclude that osteoclasts on the bone surface also contribute to the pOBCol3.6GFP activity. However, the number of osteoclasts on the bone surface represents only a small fraction of the osteoblast lineage cells and would not alter the analysis in a noticeable manner.
These in vivo results were confirmed by in vitro studies, where calvarial osteoblast cultures from Sh3bp2 KI/KI mice showed a remarkable decrease in 2.3-kb Col1a1 GFP activity. In the time course of the experiments, the pOBCol2.3GFP activity in Sh3bp2 KI/KI osteoblasts never reached the same level as in Sh3bp2 +/+ osteoblasts suggesting a defect in differentiation/ maturation instead of delayed maturity. However, we found no noticeable change of 3.6-kb Col1a1 GFP expression under our experimental conditions. It has been shown that Sh3bp2 is required for the progression of pre-B cells to B cells [42] and it could be possible that Sh3bp2 may play a similar role in other cellular lineages, such as osteoblast precursors. We propose that a mutational defect in Sh3bp2 blocks the progression of early osteoblasts in vivo and leads to increased numbers of 3.6-kb Col1a1 GFP-positive cells. The discrepancy between 3.6-kb Col1a1 GFP activity in cultured calvarial osteoblasts and in vivo data may be due to a limitation of the cell culture system. Because bone of Sh3bp2 KI/KI mice could potentially contain erosive bone lesions filled with inflammatory cells of myeloid lineage, we enriched cultures for mesenchymal cell populations by negative selection for hematopoietic cells expressing CD45 and Ter119 before primary cell plating to remove potential hematopoietic subpopulations. Such inflammatory infiltrates (described in [2] ) can be found in long bone or in cranial bone of cherubism mice. We realize that with this method we may not have eliminated stem cells or early hematopoietic progenitors, which could give rise to a skewed composition of cells in culture. However, FACS analysis with cells after negative selection that had been cultured in osteogenic medium for 2-weeks, did not show an increased number of hematopoietic cells (data not shown). We are therefore convinced that the described GFP expression patterns in osteogenic cultures are due to expression in mesenchymal cells. We conclude that osteoblast maturation in Sh3bp2 KI/KI mice is reduced, which may lead to the failure to lay down bone of adequate quality.
The Sh3bp2 mutation appears to have cell-autonomous effects on osteoclasts (resulting in increased osteoclast number and activity in vivo) and on osteoblasts (impaired mineral and matrix deposition and osteoblast maturation). Therefore, the effect on bone turnover rate from the cross-talk between osteoblasts and osteoclasts needs to be considered as well. Our data demonstrate that Sh3bp2 KI/KI osteoblasts directly enhance osteoclastogenesis by increasing the Rankl/Opg ratio. The imbalanced coupling of osteoblasts and osteoclasts was confirmed in co-culture studies by increased multinuclear TRAP-positive cells and increased resorption pit areas when Sh3bp2 KI/KI osteoblasts were cultured with Sh3bp2 +/+ osteoclasts. The reduced level of osteoblast maturation in Sh3bp2 KI/KI mice may contribute to increased amounts of osteoclasts as less mature osteoblasts may result in increased osteoclastogenesis [43, 44] . On the other hand, there is evidence that the presence of inflammation in (arthritic) bone may impair formation of adequately mineralized bone [45] . TNF-alpha levels in serum of Sh3bp2 KI/KI mice is significantly increased [2] and it is known that TNF-α can inhibit osteoblast differentiation [46] . However, in our in vitro calvarial osteoblast culture system, Sh3bp2 KI/KI osteoblasts expressed reduced levels of Tnf-α message compared to Sh3bp2 +/+ osteoblasts. While inhibition of osteoblast differentiation by TNF-α may explain some of our in vivo findings, it does not explain the reduced osteoblast differentiation potential in vitro.
In summary, our studies showed that the cherubism mutation in Sh3bp2 has previously unrecognized effects on osteoblasts. Although increased osteoblast surfaces were observed in cherubism mice, the bone formation activity did not increase. Instead, the osteoblasts in cherubism mice appeared to be immature and to deposit defective bone matrix. The mutational effect of Sh3bp2 in cherubism may result in differentiating osteoblasts reaching mature status at a lesser rate, which may contribute to abnormal matrix deposition and exacerbate the negative bone mass balance. Due to the increase of Rankl/Opg ratio in cultured cells, we believe that mutant osteoblasts can further enhance osteoclastogenesis and therefore contribute to the unbalanced bone remodeling in cherubism in addition to the previously identified TNF-α mediated mechanism. Fourier-transform infrared imaging (FTIRI) of wild-type (Sh3bp2 +/+ ) and Sh3bp2 knock-in (Sh3bp2 KI/KI ) mice showing representative infrared images of cortical bone (A) and trabecular bone (B). Each image represents a 400×400 um area with 6.25 μm spatial resolution. The numerical color scales represent the range of intensity ratio for each parameter and were adjusted to be constant among samples. Dynamic histomorphometric analysis of Sh3bp2 +/+ , Sh3bp2 +/KI , and Sh3bp2 KI/KI mice. Double labels of calcein (green) and xylenol orange (red) were sequentially injected to 90-dayold mice to assess bone formation activities. Representative images from trabecular bones are shown (A). Mineral deposition rate (B) and bone formation rate (C) were similar between Sh3bp2 +/+ , Sh3bp2 +/KI , and Sh3bp2 KI/KI mice. (Student's t-test; n = 5 for Sh3bp2 +/+ ; n = 5 for Sh3bp2 +/KI ; n = 7 for Sh3bp2 KI/KI ). In vivo monitoring of cherubism Sh3bp2 KI/KI osteoblast cultures using Col1a1 promoter-driven GFP. Sh3bp2 +/+ and Sh3bp2 KI/KI mice were crossed with transgenic mice overexpressing GFP driven by either 3.6-kb or 2.3-kb Col1a1 promoters. Frozen sections (5 μm) of femurs from 10-week-old mice showed increased numbers of 3.6-kb Col1a1 GFP positive cells (3.6GFP) in Sh3bp2 KI/KI mice (A), but decreased numbers of 2.3-kb Col1a1 GFP positive cells (2.3GFP) (B). (Student's t-test; n=6 for pOBCol3.6GFPtpz; n=4 for pOBCol2.3GFPemd, *p<0.05). 3.6-kb Col1a1 promoter in osteocytes from femoral cortex of Sh3bp2 KI/KI but not of Sh3bp2 +/+ mice was active (C). Trab: trabecular bone. Cort: Cortical bone. 
